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SYNOPSIS

Light scattering by monodisperse solutions of rigid anisotropic rod-like macromolecules of length
1, of the same order as the wavelength X, reoriented in the strong electric field of linearly polarized
laser light is discussed. This discussion is based on numerical calculations of the relative variations
in intensity sH™, SHIY, 5VEY, VI of the light scattering components, induced by a laser beam of
high intensity I} polarized horizontally or vertically to the plane of observation. Calculations are
made for various values of g% (w,) = [(a%% — a¢*)I'"/2kT] (the reorientation parameter of the
optical polarizability ellipsoid with principal polarizabilities a$*, ai* for the laser frequency wi)
and for the three values //A = 0.5, 1, and 2.

INTRODUCTION

The light scattered by a monodisperse solution of rigid macromolecules,
aligned into the direction of an external electric, magnetic, or optical field,
provides a clue to their electric, magnetic, and geometrical properties [1-3].

The earliest theoretical studies of this kind are due to Wippler and Benoit [4],
who considered the effect of a weak static electric field on light scattering by
solutions of large macromolecules, representing a particular case of the Ray-
leigh-Debye-Gans approximation [5, 6]. Stoylov [7, 8] extended these con-
siderations to strong electric fields including saturation.

Ravey [9] gave a description of light scattering for arbitrarily oriented
macromolecules in the shape of spheres, disks, rods, and Gaussian chains, placed
in a static electric field acting along the external bisectrix of the angle of ob-
servation.

Kielich [10, 11] proposed a theory of nonlinear light scattering by solutions
of small macromolecules with linear dimensions / much smaller than the light
wavelength A, taking into account their complete alignment in a static electric
and magnetic field as well as in the field of laser light. He also proposed a method
for the determination of the optical anisotropy of such macromolecules. The
problem has been discussed recently for small spheroids by Farinato [12].

Here, we shall extend the theory [10, 11] based on the relative intensity
variations 8V2Y, SHIY, 5VEY, VI of the scattered light components to the case
of solutions of large, rod-like macromolecules with linear dimensions / of the

Journal of Polymer Science: Polymer Symposium 61, 101-109 (1977)
© 1977 by John Wiley & Sons, Inc. 101



102 DEBSKA-KOTLOWSKA AND KIELICH

order of A, reoriented by the strong electric field of laser light polarized hori-
zontally, or vertically, to the plane of observation. Our numerical calculations
of the relative variations in intensity are carried out for three values of //\,
namely, 0.5, 1, and 2, and for certain values of the reorientation parameter of
the ellipsoid of optical polarizabilities. We have performed a similar analysis
[13] for large rod-like macromolecules, oriented in a static electric field applied
perpendicularly to the plane of observation.

THEORY

We consider monodisperse dilute solutions of large, rigid, anisotropic mac-
romolecules, not absorbing energy, and having the shape of a rod with rotational
ellipsoid symmetry. We assume the symmetry axis of their optical properties
to coincide with their geometrical axis.

The optical anisotropy of such macromolecules is given by Langevin’s for-
mula

a§ — af

af + 2af 1)
where a§ and af denote, respectively, the optical polarizability of the macro-
molecule in the direction of its symmetry axis (principal 3-axis) and perpen-
dicular to it; w is the frequency of the incident probe light wave.
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FIG. 1. The probe light beam of frequency w is incident along Y with indices v and h denoting, re-
spectively, vertical and horizontal polarization. Scattered light observation is performed along X,
with V and H standing for the vertical and horizontal component of scattered light. ¢ is the angle
between Y and the symmetry axis § of the macromolecule. ¢ is the azimuth of §. The strong laser
beam (intensity /%, frequency wy ), the electric field £, of which reorients the macromolecules, is
polarized horizontally along Y and propagates in the XZ-plane.
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We assume that the weak probe light beam is incident along the laboratory
Y-axis, and that observation takes place in the direction of the X-axis. Figure
1 visualizes the various possible polarization directions of the incident and
scattered waves. Assume the system to be acted on simultaneously by the electric
field of a strong laser beam of intensity I';" polarized vertically (superscript v),
or horizontally (h), to the plane of observation.

The laser beam-induced relative variations in vertical and horizontal light
scattering components, at vertical and horizontal polarization of the probe beam
(subscripts v, h), are in general given by [3]

dVyh = W ({1 + 2x,(3c2; — 1) + &2(9¢% — 6c + DIR¥(cp3))pn — 1 (2)
SVt = — (Cx3Cz3R2(6b3))z"h -1 (3)
SHy" = f{_o (3323 R(cp3) Y ppn — 1 4
SHY" = ﬁ5 (€33c33R™(cp3) ) pyr — 1 (5)

Cx3, €y3, Cz3, and cp3 are cosines of the angles between the laboratory axes X, Y,
Z, and the external bisectrix b of the observation angle © and the symmetry axis
§ (3-axis) of the macromolecule.

In egs. (2)-(5), we have introduced the following reduced intensity compo-
nents of light scattered in the absence of a strong laser beam [5]:

V= (1 —«,)? [Si(zK) _ <sin K>2]
Si(2K) sin2K 1  cos 2K]

K K
+ 3i,(1 = &) [—+~—~——+

K 4K3 K? 2K?
gle, [Si(ZK) 4 cos 2K+sin 2K+cos 2K+sin ZK] ©6)
8 K 3K? 4K4 4K3 2K? 8K°
V°=H9=Si(2K) +cos 2K+sin 2K+3cos 2K_3sin 2K )
16K 32K2 64K3 64K* 128K3
0_3Si(2K)__l_ 3cos 2K 5sin 2K 19cos2K 19 sin 2K
b 32K 6K? 64K2 128K3 128K* 256K°

The symbol

8)

= ” J77 -0, 1) sin vavde (92)

stands for averaging over all orlentatlons of the macromolecules in the electric
field of the strong laser beam I'; (polarlzatlon v or h) with distribution function
in the form:

v,h 2 ")
£, 1% = e

2w T
f f exp(gqyh cos? ) sin dddde
0 0

(9b)
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where ¢ is the angle between the direction of the strong electric field of the laser
beam and the symmetry axis §, and [10]

v,h = (____T_al_l
qr(wr) KT (10)

is the dimensionless reorientation parameter of the ellipsoid of optical polariz-
abilities at the laser frequency w,. In addition, k is Boltzmann’s constant and
T is the absolute temperature. In the Rayleigh-Debye-Gans approximation,
the function R(cp3) for rod-like macromolecules is of the form [6]:

sin (K¢,
R(cp3) = sin (Keys) . (11)

Kcps
where K = {[2#] sin (0/2)] /\} is a parameter which depends on the length / of
the macromolecule, the angle of observation 0, and the probe beam wavelength

f X 10 1=2A

[-&v,] T=h
| 08
06

-4
04
02

o0 % 5

h
—q" —
a

-0.2

FIG. 2. The relative variation [—8V"] as a function of the reorientation parameter ¢% at «,, =
0.1.
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FIG. 3. The relative variation [—8V!] vs. the reorientation parameter ¢ at «,, = 0.
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FIG. 4. The relative variation [—8V"] vs. the reorientation parameter g% at , = —0.1.

Casea

The inducing laser beam is polarized vertically.

The relative variations [2-5] of the components of light, scattered due to the
laser beam being polarized vertically, are expressed similarly to those due toa
static electric field, acting prependicularly to the plane of observation [13]. In
order to obtain the expressions of ref. [13], one has to perform in eqgs. (2)-(5)
the following substitutions:

Cx3 = sin ¥ cos ¢
cp3=sindsing

¢z3 = cos ¥
. w
¢p3 = sin ¥ cos <(p + Z)

where ¢ is the azimuth of the symmetry axis §.

Caseb

The inducing laser beam is polarized horizontally.

The relative variations [2-5] of the components, scattered due to the laser
beam polarized horizontally (i.e., when the direction of linear polarization of
the laser beam coincides with the Y-axis and the laser beam propagates in the
XZ-plane, Fig. 1) are obtained with the directional cosines cx3 = sin ¢ cos ¢,
cy3 = cos ¥, ¢;3 = sin ¥ sin ¢, and ¢p3 = (—sin ¥ cos ¢ + cos $)/V'2, as fol-
lows:

1
oVh = Vo 2[1 + 2,(3 sin2 ¥ sin? @ — 1) + «2(9 sin* ¥ sin? ¢
— 6 sin? ¥ sin? ¢ + 1)] sin? [K(—sin & cos ¢
+ cos 9)/v2]/K?*(—sin & cos ¢ + cos 9)2)p — 1 (12)

sVh =

Vo {{2 sin* ¥ cos? ¢ sin? ¢ sin2{K(—sin ¥ cos ¢
Vi
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+ cos 9)/V2]}/K*(—sin ¥ cos ¢ + cos 9)2)p — 1 (13)
1
sH! = w ({2 cos? ¥ sin? ¥ sin? ¢ sin? [K)—sin ¥ cos ¢
+ cos ¥/V 2]}/ K*(—sin & cos ¢ + cos 9)2) p — 1 (14)

1
Hh = o ({2 sin? ¥ cos? ¥ cos? ¢ sin? [K(—sin O cos ¢
h
+ cos 9)/V/2]}/K*(—sin ¥ cos ¢ + cos ¥)2) p — 1 (15)

In this case, the relative variations of the cross-components H, and Vy are
not equal to each other, i.e., they behave contrary to the case of vertical polar-
ization of the laser beam (when, as we remember, Hy = 6V} at © = 90°).

The following relations hold between the relative variations due to a laser beam
horizontally polarized along the Y-axis (Egs. (12)-(15)) and those caused by
a laser beam polarized along the X-axis:

sVY = svX
sVY = oHX
sHY = sV
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FIG. 5. The relative variation [—8V}] vs. the reorientation parameter q}.
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FIG. 6. The relative variation [—8H"] as a function of the reorientation parameter qh.
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FIG. 7. The relative variation [—8HE] as a function of the reorientation parameter g%.

SHY = sHY (16)

DISCUSSION

The various relative changes in intensity of the scattered light components
given by egs. (2)-(5) for small macromolecules are expressed in terms of gen-
eralized Langevin functions [11] of the variable ¢%. For large macromolecules,
we calculated numerically the intensity components in the form of egs. (12)-(15)
as functions of the parameter g% for three values of //X: 0.5, 1, and 2 (Figs.
2-7).

Since the curves of 6V, 6V}, 6Hy, and 6H} versus the parameter g7 are iden-
tical with those studied in [13] for nondipolar macromolecules oriented in a static
electric field, we refrain from considering them here.

It is known from [10] and [11] that, between the relative changes in intensity
components of light scattered by small macromolecules in the presence of a
vertically polarized laser beam and the respective relative variations in the
presence of a laser beam polarized horizontally (in the direction of the Y-axis),
the following well defined analytical relations hold: §H}, = 6V, 6HY = 6V} =
oH! = sHD.

These relations no longer hold numerically for large macromolecules.
Nonetheless, the functions [13] 8H}, = f(g}) and 6V} = f(q") (Fig. 5) and 6HY
= §V} = f(¢}) and §HY, §H} plotted versus the parameter g% (Figs. 6 and 7) are
similar in shape, respectively.

The relative variations §H? and 8HP at horizontal laser beam polarization in
the Y-direction (Figs. 6 and 7) are positive only in a narrow range of positive
g" values. For all other g} > 0, they are negative. The variations and 6V} (Figs.
5 and 2-4) are negative for all g% > 0 because of an additional weakening in
intensity of the components of light, scattered due to the orienting electric field
of the horizontally polarized laser beam.

The relative variations 6V?, 8H!, 6VE, and 6HE depend strongly on L/X (in
this work, //A = 0.5, 1, 2). The curve showing this dependence is different for
8V (Fig. 5) than in the case of 6V, 6H" and 6H} (Figs. 2-4, 6, and 7). Thus,
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for fixed ¢5, the values of 8V increase with increasing //\, whereas 6V?, SHY,
and SH} decrease. The increase in §VI can be explained as being due to the
considerable weakening of the component V] by the orienting field and by the
fact that the differences in V. for different //\ are much less than the differences
in V9, so that 8V} is more essentially affected by the component V§ (which de-
creases as //\ increases). The differences in 8V}, for different //X are small, and
occur only in the initial range of g% values. For other values of g}, the value of
V] becomes constant for all //\. The other components VY, Hf, and HY are much
less weakened, and the differences in these components for the different values
of //X are significant; much greater than the differences in the case of VO HY,
and H?.

All the relative variations (Figs. 2-7) tend to a limiting value at given an-
isotropy (a$- — a$*) and increasing laser beam intensity. The limiting value
corresponds to optical saturation [10, 11]. Here, the relative variations sVh 6HE,
and 6H" attain a constant value, independent of the length of the macromole-
cules, i.e., sVI(g" — =) = §H(¢gh — =) = §HY (g} — =) = —1. However, the
limiting value to which 6V? tends depends on //X and the optical anisotropy «.,
ie., dVi(gh — o) = {[2(1 — x,)2sin? (K/V2)]/VIKY — 1.

On comparing the relative variations at vertical [13] and horizontal polar-
ization of the orienting laser beam, we note that the influence of macromolecular
size is much greater (under the given experimental conditions) if the orienting
beam is polarized horizontally.

A similar analysis can be carried out for the situation in which the experiment
is conducted solely with a laser beam [10], of an intensity so high that its electric
field suffices for inducing macromolecular reorientation, and thus is sufficient
for the self-induction of nonlinear variations in the intensity components {egs.
(2)-(5)] of scattered light. Recently, the use of laser technique has made it
feasible to observe induced optical birefringence due to reorientation of mac-
romolecules in the electric field of a strong laser beam. Thus, an optical Kerr
effect has been observed by Jennings and Coles [14] in solutions of polymers,
by Coles and Jennings [15] and Dobek et al. [16] in solutions of biopolymers,
and in the isotropic phase of nematic liquid crystals by Wong and Shen [17],
Prost and Lalanne [18], Lalanne et al. [19], and Coles and Jennings [20]. These
important observations of the new effect, rendering apparent the optical reori-
entation of macromolecules, point to the imminent possibility of actually per-
forming observations of the laser light-induced changes in scattered light in-
tensity discussed in this paper. The information on optical reorientation of
macromolecules obtained by these methods can be compared with the data al-
ready available concerning electric reorientation of macromolecules in elec-
tro-optical phenomena [21, 22].
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